The extent to which the librations of rigid mol- Schomaker and Trueblood (6), we have refined temperature factors for a number of proteins including influenza virus hemagglutinin (7), glutathione reductase (8), myohemerythrin (9), myoglobin (10), and streptavidin (11) by treating them as internally rigid bodies. Our results show that in all cases considered, the rigid body model is able to account for the broad features of temperature factor variation in these proteins. It appears that this approach, which is very frugal in its use of free parameters, might be a reliable means of estimating the pattern of temperature factor variation during x-ray structure refinement at low or medium resolution. As we show below, large deviations between atomic temperature factors and those obtained by the rigid body treatment may indicate regions of the protein that are disordered or for which the structural model is seriously in error.
logr. Sect. B 24, 63-761 is found to reproduce qualitatively the patterns of maxima and minima in the isotropic backbone meansquare displacements. Large deviations between the rigid molecule and individual atomic temperature factors are found to be correrated with a region in hemalutinin for which the refined structural model is unatisfy and with errors in the structure in a partially incorrect model of myohemerythrin. For the highresolution glutathione reductase suure, better results are obtained on treating each of the compact domains in the stcture as independent rigid bodies. The method allows for the refinement of reliable temperature factors with the introduction of minimal parameters and may prove useful for the evaluation of models in the early stages of x-ray structure refinement. While these results by themselves do not the nature of the undeling displacements, the success of he rigid protein model in reproducing qualitative features of temperature factor profiles suests that rigid body refinement results should be considered in any interpretation of crystallographic thermal parameters.
In their pioneering analysis of temperature factors in lysozyme, Sternberg et al. (1) pointed out that a model that considers the protein molecule to be internally rigid does quite well in explaining the broad features of the variation of atomic temperature factors. In this extremely simple model, the atomic displacements are determined by a total of 10 parameters that describe the rigid body translations and librations of the protein molecule. This model has not been seriously pursued since their work, perhaps because there is ample evidence from both experiments and molecular dynamics simulations that proteins are by no means internally rigid (2, 3) . However, recent analyses of x-ray diffuse scattering data for insulin and lysozyme indicate that, in addition to internal fluctuations, individual molecules in the crystal lattice undergo rigid body-like displacements, with magnitudes comparable to those obtained from analysis of atomic temperature factors (4, 5) . This is perhaps not surprising, considering the high solvent content of protein crystals, and it led us to investigate the extent to which the simple rigid body model could account for the patterns of temperature factor variations in a wide range of proteins.
Following the general ideas described by Sternberg et al. (1) , who based their work on the rigid body model derived by Schomaker and Trueblood (6) , we have refined temperature factors for a number of proteins including influenza virus hemagglutinin (7), glutathione reductase (8), myohemerythrin (9), myoglobin (10), and streptavidin (11) by treating them as internally rigid bodies. Our results show that in all cases considered, the rigid body model is able to account for the broad features of temperature factor variation in these proteins. It appears that this approach, which is very frugal in its use of free parameters, might be a reliable means of estimating the pattern of temperature factor variation during x-ray structure refinement at low or medium resolution. As we show below, large deviations between atomic temperature factors and those obtained by the rigid body treatment may indicate regions of the protein that are disordered or for which the structural model is seriously in error.
METHOD
Temperature factors (B factors) are used to model the effects of dynamics and disorder on x-ray scattering from crystals (12) . The isotropic temperature factor, B, of an atom is one-third the trace of the anisotropic temperature factor tensor, B, and is related to the mean-square displacement (Ar2) of the atom by B = 8ir2(A&r2)/3. [1] Note that (Ar2) = (u2) + (u2) + (u2), where ux, uy, and uz are the displacements along the x, y, and z axes, respectively.
Treatments of motional effects in proteins are usually restricted to isotropic B factors (1 parameter per atom), although in exceptional cases anisotropic B factors may be used (6 parameters per atom). The rigid body model introduced by Schomaker and Trueblood (6) reduces the number of displacement parameters from 6N or N (for a molecule with N atoms), to 20 or 10, depending on whether anisotropic or isotropic temperature factors are used. In the more general anisotropic case, commonly used for small molecules, the rigid body parameters take the form of three 3 x 3 tensors. The symmetric tensors T and L describe the anisotropic translational and rotational displacements of the rigid body, respectively, and a nonsymmetric tensor, S, describes the screw motions or the coupling between the translations and the rotations. One of the elements of S is redundant, leading to a total of 20 parameters that are sufficient to describe the motions in the quadratic approximation (6) A limitation of the TLS parameters in the isotropic limit is that even though L is fully determined, and the magnitudes of the angular displacements and the orientations of the three rotation axes can thus be specified, the full detail of the S and T matrices is lost, preventing the determination of the relative shifts between the three axes of rotation (6) . We focus mainly on the rotation axes in the analysis that follows. We also follow Sternberg et al. (1) where (B),)ac is the average B factor for the ith residue calculated from the TLS model, and (Bi)Obs is the average for the individual atomic B factors. Bmean is the average over the rigid body of the individual atomic B factors for the backbone atoms. R2 indicates the extent to which the rigid body model accounts for the deviation of the B factors from the mean, with an R2 value of zero corresponding to perfect agreement (1) . The standard linear correlation coefficient between the TLS and the atomic B factors is also used, with a correlation coefficient of 1.0 corresponding to perfect agreement. As with R2, the correlation coefficient is calculated for residueaveraged values. For simplicity, we focus on the backbone temperature factors for most of the discussion that follows. Similar results are obtained on considering the' side chain atoms in'the analysis (results not shown).
RESULTS
The first system we consider is the influenza virus hemagglutinin glycoprotein, one of the largest proteins for which a refined' x-ray structure exists (13) . The protein is a trimer of closely packed monomers, with each monomer consisting of two polypeptide chains that result from cleavage of a precursor polypeptide. Hemagglutinin crystallizes with 'a trimer in the crystallographic asymmetric unit, with an unusually large solvent content of '78% by weight. A model for the Gly-146 --Asp variant of the X:31 influenza virus hemagglutinin has been refined to' an R factor of 22.2% at 3 A resolution, the diffraction limit of the crystals (13) . Individual atomic B factors were refined in this work, as they can distinguish between regions of high and low mobility, even at this moderate resolution limit (13) . ' The Gly-146 Asp structure is used throughout the following analysis.
We first considered the entire hemagglutinin trimer, consisting of 11,871 nonhydrogen protein atoms, to be a single rigid body. The 10 parameters of the TLS model were optimized against the individual atomic B factors obtained from the x-ray structure refinement (13) . The results for the backbone atom's are shown in Fig. 1 , and it can be seen that the broad features of the temperature factor profile are well reproduced by the rigid protein model, except for one region around residue 58 in the second polypeptide of each monomer (see below). For the backbone atoms, the R2 value between the target B values and those derived from the TLS model is 0.52, with a correlation coefficient of 0.70. The displacements about the three rotation axes vary greatly, ranging from rms values of 1.540 to 0.740. The axes of rotation are very closely aligned with the principal axes of inertia (15) of'the long cylindrical molecule (Table 1) , with the largest rotational displacement being about the 'longest axis of the molecule-i.e., the one about which the radius of gyration is minimal.
A natural extension of this approach is to consider the individual monomersaas independent rigid bodies ( contacts. In some of the cases that we consider below, the smallest mean-square rotational displacement is similarly negative and nonphysical (Table 1) , but in all cases the absolute magnitude of the displacement about this axis is smaller by about a factor of 10 than the largest rotational displacement, showing that this nonphysical effect is a relatively small contribution to the total B factor. It is possible to incorporate a constraint into the refinement that L be positive definite, but we have not examined the consequences of doing so. We have also carried out refinements for hemagglutinin wherein the TLS parameters were optimized' against the x-ray structure factor data. For example, in one such refinement the monomers were treated'as independent rigid bodies, resulting in 30 TLS parameters that enter into the x-ray structure factor calculation in place ofthe 11,871 temperature factors in the conventional treatment. These 30 parameters were optimized by a conjugate-gradient least-squares structure factor refinement procedure implemented by us in the program X-PLOR (16) . The 33'water and 285 sugar atoms in the model were excluded'from the rigid body calculations', and their temperature factors were kept fixed at the original values. The TLS parameters were refined in consecutive cycles that varied the T, L, and S parameters separately; this was necessitated by the strong correlation between the parameters, which led to unreliable results if they were simultaneously varied. The implementation of structure factor first derivatives by fast Fourier transformation in X-PLOR 12 of ref. 13 ), even though the polypeptide chain is known to be chemically intact (13) . While it is possible that the protein adopts more than one conformation in this region, the limited resolution of the data precluded the construction of a satisfactory model (13) . It is suggestive that the region of most striking qualitative disagreement between the TLS B factors and atomic B factors corresponds to one where the structural model is unsatisfactory.
Influenza virus hemagglutinin is unusual for its high solvent content, and it is not unreasonable to imagine that the limited number of crystal packing interactions results in rigid bodylike motions dominating the observed atomic displacements. As a contrast, we consider the dimeric flavoprotein glutathione reductase, which is almost as big (478 residues in the monomer, which comprises the asymmetric unit of the crystal), but which forms crystals that are more tightly packed and that diffract to high resolution (8) . A highly refined structural model including individual atomic B factors has been refined against x-ray data to 1.5 A resolution (8) . The dimeric enzyme has 6998 nonhydrogen protein atoms in the model and we first considered this to be a single rigid body and optimized TLS parameters against the isotropic atomic B factors obtained from the x-ray structure. While this treatment does result in a B factor variation that qualitatively reproduces the broad features of the atomic B factor profile (correlation coefficient, 0.65), the quantitative agreement for the backbone atoms is quite poor (R2 = 1.30; Table 1 ). Some improvement is obtained on considering the monomer rather than the dimer as the rigid body (R2 = 1.08; correlation coefficient, 0.74), and the resulting B factor profile is shown in Fig. 1B . Despite the high value of R2, the variation of B factors in the TLS model is in qualitative agreement with that of the atomic B factors (Fig. 1B) , with no regions of striking dissimilarity such as that found in hemagglutinin. It is interesting that the angles between the rotation axes of the dimer and its principal axes are very small (-3°, 3°, 00), whereas these angles are much larger for the monomer rigid body (=10°, 33°, 32°).
Glutathione reductase has a well defined internal domain structure (8) 5 Method of refinement: B factor refers to optimization of TLS parameters against the individual atomic temperatures in the crystallographic model. X-ray refers to refinement ofTLS parameters by least-squares minimization of the standard crystallographic residual. For hemagglutinin, results are only shown for one monomer in the optimization against B factors. The results for the other two monomers are similar to those shown here for the optimization against x-ray data. Rotational displacements: Diagonal elements ofthe rotational displacement matrix L, after the matrix is rotated into diagonal form. deg, Degrees. Orientation of axes: The angles between the axes of rotation and the principal axes of inertia of the molecule. Subscripts x, y, and z refer to the rotational axes, with x being the axis about which the rotation is greatest. Oi is the angle between the ith rotational axis and the closest principal axis of inertia. In each case, the axes of rotation and the moments of inertia are calculated for the rigid bodies being considered in the particular refinement. Unit masses were used in the calculation. Rx, Ry, Rz: Radii of gyration about the principal axes of inertia closest to the x, y, and z rotational axes. A small radius of gyration corresponds to a small molecular cross-section perpendicular to the axis in question.
294-364), the NADPH binding domain (residues 158-293), and the interface domain (residues 365-478), which is involved in extensive contacts that hold the dimeric enzyme together. While the NADPH and interface domains are fairly compact structures, the FAD domain is unusual in that it consists of a compact structure from which two long helices (residues 59-109) form a large protrusion. When the entire FAD domain is considered to be a rigid body with 1609 atoms, the agreement with atomic B factors is not much better than before (R2 = 0.97; correlation coefficient, 0.72). However, when the 419 atoms of the two protruding helices are removed from the rigid body, the agreement is considerably improved (R2 = 0.62; correlation coefficient, 0.83). The intact NADPH and interface domains both yield reasonable results (R2 of0.47 and 0.48, respectively, and correlation coefficients of 0.84 and 0.92, respectively) when considered to be rigid bodies. It is perhaps not appropriate to consider the interface domain as a rigid body by itself, as it makes extensive contacts with the equivalent domain of the other molecule in the dimer. This can be seen clearly from results obtained by considering the two interface domains ofthe dimer as a single rigid body. Even though this increases the number of atoms in the rigid body by a factor of 2 (from 1513 to 3026), the agreement between the TLS B factors and individual B factors isjust as good (R2 = 0.47 for a single interface domain; R2 = 0.48 for the dimeric interface domains; correlation coefficient, 0.92 in both cases). Thus for glutathione reductase, a model that considers each of the compact units in the structure to be moving as independent rigid bodies provides a much better fit to the atomic B factor profile than models that consider either the dimeric or the monomeric proteins to be rigid bodies. Nevertheless, it is clear from Fig. 1B that the rigid protein model is able to reproduce, in a qualitative sense, the pattern of minima and maxima that are observed in the atomic B factor profile.
We have also examined the effects of refining rigid body parameters for a structural model that has serious errors in it. A partially incorrect model of myohemerythrin, obtained at an early stage ofthe structure determination ofthis protein by , was used for this test. This model has previously been used in a test of x-ray refinement by simulated annealing and details regarding this structure are given in the report by Kuriyan et al. (14) . While this structural model is correct in its chain topology and the placement of the four helices, several local errors in chain tracing had prevented further refinement. These included errors in the backbone positions of up to 3.5 A in several loops. The partially incorrect model corresponding to structure Al of Kuriyan et al. (14) was used for the refinement of TLS parameters by using x-ray data to 2 A resolution (9) , and the entire protein was considered to be a single rigid body. For comparison, TLS parameters were also refined by using the same x-ray data but with the correct structural model (9) . Unrestrained individual atomic B factors were also optimized against the same x-ray data, using both structural models and starting with a uniform B factor of 20 A2 assigned to each atom and performing the same number of refinement steps in both cases. No water molecules or disordered conformations were present in any of the refinements, which were carried out by the program X-PLOR (16) .
The unrestrained atomic B factors are well behaved when the correct structural model is used, and these agree qualitatively with the temperature factors obtained by using the rigid body model (R2 = 0.69; correlation coefficient, 0.72; data not shown). The atomic B factors for the incorrect model, however, deviate strongly from the TLS results for the same structure in many places, and the quantitative agreement is poorer (R2 = 0.97; correlation coefficient, 0.46). As shown in Fig. 1C , most of the residues for which the deviations are large are those that have significant errors in their backbone positions. The TLS B factors are similar for both structural models since the TLS parameters are relatively insensitive to local features in the structure. These results suggest that the rigid body model may be a useful means of establishing the reasonableness ofa particular set of temperature factors derived by using a structural model of uncertain accuracy. It has long been recognized that high B factors are correlated with increased uncertainties in atomic positions, and it may be useful to compare these with TLS B factors during the early stages of refinement.
We have applied the method to a number of the proteins, including myoglobin (all helical) (10) and streptavidin (all ,8-sheet) (11), with results that are similar to those described above. For example, the values of R2 and the correlation coefficient for the backbone atoms of myoglobin are 0.51 and 0.71, respectively, in the case in which the rigid body parameters for 1265 atoms are determined by refinement against x-ray structure factor data. Likewise, for streptavidin, the values of R2 and the correlation coefficient are 0.43 and 0.81, with 17% atoms in the crystallographic asymmetric unit that was treated as the rigid body.
CONCLUSIONS
For most proteins, the limited resolution of the x-ray data precludes the refinement of independent anisotropic temperature factors for each atom as too many parameters are required. The rigid protein model introduces so few parameters that it is not necessary to restrict refinements to the isotropic case, even at low resolution. Sheriff and Hendrickson have shown, for example, that the refinement ofjust the rigid body translational tensor (T) can significantly improve the agreement with x-ray data in many cases (17) . However, the introduction of the L and S tensors in the anisotropic case would complicate drastically the fast Fourier transformations used in the computation of structure factors and derivatives and we have not pursued this. While we have focused on the application of the TLS model to entire protein molecules or domains, Howlin et al. (18) have refined anisotropic temperature factors by using the TLS model for selected side chain groups in ribonuclease and have noted an improved agreement with the x-ray data. Similar results have been observed by Kim and co-workers for nucleic acid bases and phosphate groups (19) .
Diamond has recently used normal modes in the refinement oftemperature factors for the small protein bovine pancreatic trypsin inhibitor (20) . He finds that the 892 isotropic temperature factors for this molecule can be well reproduced by 19 parameters. Ten of these are low-frequency normal modes that account for internal fluctuations of the molecule, and the other 9 include rigid body translations and rotations about the principal axes of inertia of the molecule, similar to the T and L tensors. No account is taken of screw motions (the S tensor). The largest contribution to the temperature factors arises from the rigid body motions rather than the internal modes (20) .
Our results are consistent with those of Diamond (20) and show that the rigid body model is ofgeneral applicability. The success of the TLS model reflects the fact that atoms in the interior of a protein molecule generally have smaller displacements than those on the exterior. A rigid body model explicitly accounts for the dependence of the magnitude of the displacements on distance from the center of mass of the protein. However, analyses of molecular dynamics simulations where rigid body motions are removed also show increases in mean-square displacement with increasing distance from the centroid of the protein (3). X-ray diffraction data provide no information on the nature of correlations in the displacements, and our results should not be taken to imply that rigid body motions or displacements are in actual fact the major contributors to the temperature factor profiles. Further experiments using techniques such as inelastic neutron scattering or diffuse scattering are required to quantify the actual contributions of true rigid body displacements (2) .
